Although 22q11.2 deletion syndrome (22q11.2DS) is the most recurrent human microdeletion syndrome associated with a highly variable phenotype, little is known about the condition's true incidence and the phenotype at diagnosis. We performed a multicenter, retrospective analysis of postnatally diagnosed patients recruited by members of the Association des Cytogénéticiens de Langue Française (the French-Speaking Cytogeneticists Association). Clinical and cytogenetic data on 749 cases diagnosed between 1995 and 2013 were collected by 31 French cytogenetics laboratories. The most frequent reasons for referral of postnatally diagnosed cases were a congenital heart defect (CHD, 48.6%), facial dysmorphism (49.7%) and developmental delay (40.7%). Since 2007 (the year in which array comparative genomic hybridization (aCGH) was introduced for the routine screening of patients with intellectual disability), almost all cases have been diagnosed using FISH (96.1%). Only 15 cases (all with an atypical phenotype) were diagnosed with aCGH; the deletion size ranged from 745 to 2904 kb. The deletion was inherited in 15.0% of cases and was of maternal origin in 85.5% of the latter. This is the largest yet documented cohort of patients with 22q11.2DS (the most commonly diagnosed microdeletion) from the same population. French cytogenetics laboratories diagnosed at least 108 affected patients (including fetuses) per year from among a national population of ∼ 66 million. As observed for prenatal diagnoses, CHDs were the most frequently detected malformation in postnatal diagnoses. The most common CHD in postnatal diagnoses was an isolated septal defect.
INTRODUCTION
The incidence of chromosome 22q11.2 deletion syndrome (22q11.2DS, also known as DiGeorge syndrome and velocardiofacial syndrome; OMIM 188400 and 192430, respectively) is estimated at between 5.6 and 14.1 per 100 000 live births. 1,2 The phenotype is highly variableover 180 associated clinical manifestations already described -and ranges from severe, with life-threatening malformations, to nearly asymptomatic cases. The major clinical features include congenital heart defects (CHDs), palate defects (velopharyngeal insufficiency, cleft palate, etc), mild-to-moderate immunodeficiency (because of thymic aplasia or hypoplasia), hypocalcemia caused by hypoparathyroidism, a distinct gestalt, developmental delay (DD), learning disabilities, intellectual disability (ID) and behavioral disturbances. [3] [4] [5] Renal, ocular and skeletal anomalies have also been observed. 4, 5 According to the literature, the 22q11.2 deletion occurs de novo in 90% of cases and therefore is inherited in the remaining 10%. 3, [5] [6] [7] [8] In our prenatal series of 272 fetuses with 22q11.2DS, 27% of the deletions were inherited. 9 Of the inherited deletions, 72 to 77% are of maternal origin. 3, 8, 10 The 22q11.2 region contains eight low copy repeats (LCRs, referred to as LCR22-A to LCR22-H). The deletion results from nonallelic LCR-mediated, homologous recombination during meiosis. 9 Approximately 90% of patients have a 3-Mb deletion spanning LCR22-A to LCR22-D, is referred to as the 'typically deleted region' (TDR). [11] [12] [13] A smaller (1.5 Mb) deletion spanning LCR22-A to LCR22-B is found in 4 to 7% of patients. [11] [12] [13] Atypical deletions with at least one breakpoint not mediated by an LCR have also been reported. [14] [15] [16] The relationship between the size of the 22q11.2 deletion and the corresponding clinical features is still subject to debate. 11 Since 1999, o60 cases with recurrent 22q11.2 distal deletions (between LCR22-D to LCR22-H) of variable size and position have been described. 17 The TDR contains over 40 genes that primarily code for transcription factors (TBX1, TUPLE1, etc), cell cycle components (UFD1L and PNUTL1), cell adhesion molecules (DGCR2, DGCR6, etc) and metabolic and enzymatic factors (COMT and PRODH). The molecular substrates underlying the various phenotypes have not been clearly identified. Several genes have been implicated in heart malformations, including the major candidate gene TBX1 but also UFD1L, HIRA, CRKL and, most recently, HIC2. [18] [19] [20] [21] [22] [23] [24] In recent decades, the diagnostic procedure most frequently employed to detect the 22q11.2 deletion has been fluorescent in situ hybridization (FISH) using commercial probes for regions between LCR22-A and LCR22-B (ie, in the proximal part of the TDR). In the past 10 years, a number of molecular biology techniques have been developed. In particular, array comparative genomic hybridization (aCGH) has been widely used since 2007 and is now considered to be the first-line technique for diagnosis of genomic rearrangements in patients with DD and in fetuses or patients with congenital malformations of unknown etiology. Other techniques (such as multiplex ligation-dependent probe amplification and BACs-on-Beads) have also been developed. 25, 26 These techniques enable the diagnosis of 22q11.2DS in patients with atypical phenotypes and/or who have been missed by conventional cytogenetic techniques.
The primary objective of the present study was to estimate the annual incidence of new cases of 22q11.2DS diagnosed in French cytogenetics laboratories. We also sought to determine (1) the clinical signs and/or malformations that had prompted genetic screening, (2) the inheritance status and (3) the technique used for diagnosis. Next, we focused on the phenotype and the size of the 22q11.2 deletion in cases diagnosed using aCGH. Most of the latter cases had an atypical presentation and smaller-than-usual deletions.
PATIENTS AND METHODS
A multicenter, retrospective study was set up to collect data on patients with 22q11.2DS diagnosed postnatally by members of the Association des Cytogénéticiens de Langue Française (the French-Speaking Cytogeneticists Association) between 1995 and 2013. Thirty-one French laboratories with postnatal diagnosis activity were involved in the collaboration and recorded data on a total of 747 patients. The following data were requested: family history, the indication for genetic testing (clinical, biological and/or imaging data), the technique used for diagnosis, inheritance status, parental phenotype and age at diagnosis. Previously published data on fetuses with 22q11.2DS 10 were used to estimate the number of new 22q11.2DS cases per year between 2010 and 2012. Postnatally diagnosed cases were compared with prenatally diagnosed cases in terms of the prenatal ultrasound findings. All samples were referred to laboratories that had obtained informed consent from the patient or the parents, in accordance with French legislation.
For statistical analysis, the χ 2 test or Mann-Whitney test was used to compare patients diagnosed using FISH with those diagnosed using aCGH in terms of clinical signs and fetal ultrasound features. The threshold for statistical significance was set to Po0.05.
Data on patients diagnosed with aCGH have been submitted to the Decipher database (https://decipher.sanger.ac.uk/).
RESULTS
The study population Of the 747 postnatally diagnosed patients, the gender was recorded in 555 cases, and the male/female gender ratio was 0.87 (260 males and 299 females). The patient's age at diagnosis was recorded in 746 cases. The study population comprised 143 newborns (aged below 1 month), 166 infants (aged between 1 month and 2 years), 119 young children (aged between 3 and 6 years), 100 older children (aged between 7 and 12 years), 64 adolescents (aged between 13 and 19 years) and 154 adults (aged ≥ 20 years). The mean age at diagnosis was 9.8 years (range: birth to 65 years) for the study population as a whole and 4.3 years when excluding adult cases (Table 1) .
The indication for genetic screening Data on the phenotype were available for 688 of the 747 postnatally diagnosed patients. Data on clinical signs are summarized in Table 2 .
The most common reasons for referral for genetic testing were facial dysmorphism, CHDs and DD, as follows:
Facial dysmorphism was observed in 49.7% of cases (n = 342). Features were described in 154 cases. The most common features were abnormal ears (n = 84), a small mouth (n = 67) and a tubular nose (n = 32). CHDs prompted referral in 48.5% of cases (n = 334). Of the CHDs, 39.5% were conotruncal, and the most frequent CHD was an Postnatal diagnosis of 22q11 deletions C Poirsier et al isolated septal defect (30.7%), followed by tetralogy of Fallot (17.0%) (Figure 1 ). DD or ID prompted referral in 40.7% of cases (n = 280). Some patients merely had difficulties at school (4.2%).
Psychiatric disorders were present in 7.4% of cases (n = 51). In all, 32 patients had behavioral problems, 9 had autism, 3 adults had schizophrenia and 4 adults had depressive or manic-depressive syndrome.
Lip and/or palate defects were present in 7.8% of cases (n = 54).
All types of clefts were observed, with the most frequent being cleft palate (n = 24). A lip defect was observed in three cases, including one in the absence of a palate defect. Urinary abnormalities were present in 6.0% of cases (n = 41). The most common reason was renal hypoplasia or agenesis (n = 18), followed by cystic kidneys (n = 10) and urinary tract anomalies (n = 9). Abnormal male genitalia were present in 2.3% of cases (n = 16); these included testis agenesis or microorchidism (n = 5), undescended testis (n = 5), hypospadias (n = 5) and small penis (n = 3).
In some individual cases, several defects were present. Respiratory tract defects were present in 6.3% of cases (n = 36) and included laryngomalacia or tracheaomalacia (n = 12), subglottic stenosis (n = 8) and laryngeal webs (n = 8).
A few patients had gastrointestinal malformations (n = 7), including imperforate anus or anal stenosis (n = 4) and esophageal or intestinal stenosis (n = 3). Eight patients (1.4%) were referred by an ophthalmologist, mainly because of myopia (n = 4). Various other abnormalities were observed but in o1% of patients. Abnormal ultrasound findings were detected during pregnancy for 8.0% of the patients (n = 46); these were mainly related to intrauterine growth retardation (n = 26) and polyhydramnios (n = 12).
Interestingly, 111 (25.0%) of the patients were referred because of a single feature (Table 1) . Of these, 49.5% had a CHD only.
The features observed in patients at diagnosis are summarized as a function of age in Figure 2 :
For newborns diagnosed in the first month of life, 78.6% of the cases had a CHD, 60.0% had facial dysmorphism, 27.1% had hypocalcemia, 20.7% had thymic agenesis or hypoplasia and 10.0% had a lip and/or palate defect. In addition, 61 newborns (42.7%) had a CHD and facial dysmorphism. For infants diagnosed at between 1 month and 2 years of age, 62.1% had a CHD, 57.1% had facial dysmorphism, 23.6% had DD (36.8% of whom had language delay alone) and 17.4% had hypocalcemia. For children diagnosed at between 3 and 6 years of age, 72.2% had DD (48.2% of whom had language delay alone), 57.4% had facial dysmorphism, 34.8% had velar insufficiency and 29.6% had a CHD. There were no significant differences between males and females in terms of the frequency of the various features (Supplementary Data 1) , except for DD in adults and velar insufficiency in young children.
Patients diagnosed using aCGH
The vast majority of cases of 22q11.2DS recorded since 2007 (the year in which routine clinical use of this technique began in France) had been diagnosed using FISH (96.1%, n = 386); aCGH had been used to diagnose only 15 patients (3.9%) (Supplementary Data 2) .
The clinical features of the latter 15 patients are summarized in Table 2 . Most often, postnatal genetic testing had been prompted by observation of DD or ID (10 out of 15; 66.67%). A CHD constituted a warning sign in 20.0% of these cases (compared with 48.5% for the study population as a whole; P = 0.0355). When facial dysmorphism was present, it was atypical.
According to the aCGH results, the size of the deletion ranged from 745 to 2904 kb (mean: 2020 kb). In all but one of the patients, the proximal breakpoint was located near the distal part of LCR22-A in a 69.8-kb region (18 890 211 and 18 960 000 hg19). In the remaining patient, the proximal breakpoint was located near the distal part of LCR22-B (Figure 3) . In 9 patients, the distal breakpoint was close to the LCR22-D (in a 415.8 kb region located between 21 382 953 and 21 798 755 bases from telomere (hg19)). The distal breakpoint was located near the proximal part of LCR-B in two cases and involved the LCR22-C in two cases. Finally, the distal breakpoint was located away from the LCRs in two cases.
Overall, only 8 of the 15 patients had a TDR deletion between the distal LCR22-A and the proximal LCR22-D. The mean deletion size was 2597 kb (Figure 3 ). When considering these eight patients, one had a CHD, five had DD, none had behavioral problems and three had growth retardation (including one case with no other associated signs). The deletion had occurred between LCR22-A and LCR22-B in two cases, between LCR22-A and LCR22-C in two cases and between LCR22-A and TBX1 (not mediated by LCRs) in two cases.
One patient (presenting with a urinary tract anomaly and a CHD) had an atypical 22q11.2 deletion between LCR22-B and LCR22-D.
Two patients presented with other copy number variations (CNVs) (Supplementary Data 3).
Parental inheritance
Of the 341 postnatally diagnosed patients with a parental analysis, the 22q11.2 deletion was found to be inherited in 70 cases (15.0%). The parental origin was known for 62 patients and was maternal in 53 cases (85.5%).
The number of new cases diagnosed annually
In contrast to Down's syndrome, the total number of diagnosed cases of 22q11.2DS is not specifically recorded by the French health authorities. We therefore sought to estimate the annual incidence of new cases of 22q11.2DS diagnosed by French cytogeneticists between 2010 and 2012 (Table 3) . By adding together the previously reported prenatal diagnoses of 22q11.2DS 10 and the postnatally diagnoses described here, we arrived at a total of 105 22q11.2DS diagnoses for 2010 (31 prenatally and 74 postnatally), 102 for 2011 (37 prenatally and 65 postnatally) and 119 for 2012 (41 prenatally and 78 postnatally). Hence, an average of 108 new cases of 22q11.2DS was recorded each year (of which 66.2% were diagnosed postnatally) ( Table 3) .
In comparison, 2804 cases of trisomy 21 were recorded in 2010 in France (2369 prenatally and 435 postnatally), with 3012 in 2011 (2477 prenatally and 535 postnatally) and 2459 in 2012 (1971 prenatally and 488 postnatally). [27] [28] [29] [30] Hence, an average of 2758 new cases of trisomy 21 were recorded each year (of which 82.4% were diagnosed prenatally) ( Table 3) .
Considering the total number of karyotypes provided by the participating laboratories (data were available for 32 of the 37 laboratories participating in the prenatal study 10 and 27 of the 31 laboratories participating in the present postnatal study; Supplementary Data 4) and the overall number of cytogenetic diagnoses recorded by the French health authorities (both prenatal and postnatal), 30 the cytogenetics laboratories participating in the present study accounted for 60.5% of all prenatal diagnoses and 46.3% of postnatally diagnoses. The total annual incidence of new cases of 22q11.2DS is thus estimated to be at least 36 for prenatal diagnoses and 72 for postnatally diagnoses; 22q11.2DS is thus 20 times less frequent than trisomy 21.
DISCUSSION
To the best of our knowledge, our cohort of 22q11.2DS cases (including the prenatal diagnoses described previously 10 Figure 2 Features observed at 22q11DS diagnosis according to the age at diagnosis.
Postnatal diagnosis of 22q11 deletions C Poirsier et al yet studied. The male/female gender ratio was lower for postnatal diagnoses (0.87) than for prenatal diagnoses (1.23). 10 This difference may tentatively suggest that males have a more severe phenotype than females, and this in turn may be associated with earlier diagnosis in males. Nevertheless, we did not observe any statistically significant differences between males and females in terms of the frequency of congenital malformations (especially for CHD), as also reported by Bassett et al. 31 In the present series (postnatally diagnosed patients, together with the fetuses previously described 10 ), the most frequent warning sign for 22q11.2DS was a CHD (in 58.5% of cases). With respect to our previously reported data on prenatal diagnoses, 10 CHDs are more frequent in fetuses than in postnatally diagnosed patients (83.8 vs 48.5%, respectively; Po0.0001; Table 4 ). The frequencies of CHDs in fetuses and newborns are similar (83.8 and 78.6%, respectively 10 ). Even though the CHD was generally a conotruncal disorder (including tetralogy of Fallot, interrupted aortic arch, etc), the most common CHD in our postnatally diagnosed patients was an isolated septal defect. The literature data on cases of 22q11.2DS (most of which are diagnosed postnatally) suggest that the frequency of a CHD is between 31.1 and 80.0%, 1, 3, 5, 7, 8, 32, 33 with tetralogy of Fallot and a ventricular septal defect being the most frequent. 3, 7, 8, 33, 34 Of the 15 patients diagnosed using aCGH, 3 had a CHD (including 2 with a deletion encompassing the TBX1 gene that is strongly suspected to be involved in CHDs 18 ) and the third patient (patient 15) had a distal deletion encompassing CRKL (also suspected to be involved in Postnatal diagnosis of 22q11 deletions C Poirsier et al CHDs 23 ) (Figure 3) . Nevertheless, the presence of a CHD cannot be explained solely by the loss of these genes. The second most frequent feature observed at referral was facial dysmorphism. According to the literature data, the typical facies in 22q11.2DS is characterized by a long face, a flattened malar region, narrow palpebral fissures, hooded eyelids, a tubular nose and alar hypoplasia. 5, 35 In our series, many postnatally diagnosed patients had facial dysmorphism (48.7%), although the latter was not always precisely described by clinicians. The facial dysmorphism was sometimes atypical in patients diagnosed using aCGH. The recognition of fetal facial dysmorphism is problematic and facial dysmorphism was noted in only 2.6% of the fetuses reported on previously. 10 In terms of neuropsychiatric disorders, 48.9% of our patients were referred for DD or ID. However, data on intellectual capacities were not available for some patients. Only 3 adults (1.9% of the diagnosed adults) had schizophrenia at the time of diagnosis. The incidence of psychiatric disorders is higher in the literature, with a value of ∼ 20% for schizophrenia. 31, 36, 37 The mean patient age at the time of postnatal diagnosis was quite old (9.8 years, and just 4.3 years when adult patients were excluded). This was probably because of the highly variable phenotype in the postnatally diagnosed cases recorded here. The present retrospective study enabled us to collect information on the most frequent clinical signs or malformations that had prompted genetic testing (usually using FISH). Interestingly, our series showed that the reason for referral varied according to the patient's age (Figure 2 ). Even though CHDs were the most common feature in fetuses with 22q11.2DS 10 and were associated with pregnancy termination rate of 68.9%, the postnatal phenotype might not be the same as the classical phenotype described by DiGeorge and Shprintzen. In our series, CHDs, facial dysmorphism, hypocalcemia and thymus agenesis were the most frequent reasons for referral from birth to 2 years. However, learning difficulties and DD became more frequent in patients aged from 3 to 19 years. Literature data on the adult phenotype are scarce; the most commonly reported signs are minor facial dysmorphism, hypernasal speech and hypocalcemia. 31, 38 In our series, the adult phenotype was highly variable. Fifty-four adult cases were diagnosed after one of their children had been diagnosed with 22q11.2DS, and 8 of the parents presented with ID.
In the present study, 15 patients with atypical phenotype had been unexpectedly diagnosed using aCGH. This technique is now replacing FISH in laboratories and is particularly useful in cases with an atypical phenotype. Of the 15 patients diagnosed using aCGH, 14 had a deletion that overlapped with the region targeted by commercially available FISH probes (between LCR22-A and LCR22-B). The remaining patient could not have been diagnosed using FISH (Figure 3) . Hence, as previously suggested, FISH should not be used as the only diagnostic method for 22q11.2DS. 39 The phenotypic heterogeneity in 22q11.2DS might be because of (1) the various sizes of the deletions and/or (2) rearrangements elsewhere on the genome -especially CNVs, mutations in candidate genes and changes in the three-dimensional structure of the genome that can lead to dysregulation of gene expression. Zeitz et al. 40 found that longrange interactions in the COMT gene had an impact on phenotypic variability. The use of aCGH only covers the CNVs and maps deletion breakpoints. In our series, only 8 of the 15 patients diagnosed using aCGH had a common deletion that fully encompassed the TDR (mean deletion size: 2597 kb) (Figure 3 ). Even though the deleted genes within the 22q11.2 region (such as TBX1, CRKL and PRODH) have been extensively discussed in the literature, we decided to look at whether phenotype variability might be related to the deletion breakpoints. In all cases other than patient 15, the deletion involved the LCR22-A. All of these deletions overlapped with the proximal variable region described by Bittel et al. 41 (chr22: 18 656 078-19 018 178). In contrast, the distal breakpoint was more variable; in view of our small series, no conclusions could be reached. Differences between patients could be because of the aCGH design or breakpoints in the distal borderline region.
Only two patients had other CNVs that may have contributed to the final phenotype, including a 16q24.3 deletion encompassing ANKRD1 (which has been linked to autism spectrum disorder, ID and short stature 42 ). Our patient (aged 1 year at the time of diagnosis) had DD but normal growth. Hence, CNVs and proximal breakpoint sites do not appear to account for the clinical variability in 22q11.2DS in the present small series.
In the present series, the 22q11.2 deletion was inherited in 15.0% of cases. By considering the parental analysis for fetuses described previously (189 parental analysis, for which 27.0% of the deletion Postnatal diagnosis of 22q11 deletions C Poirsier et al were inherited), 10 we observed that the 22q11.2 deletion was inherited in 22.8% of cases. This value is similar to that reported in the Europewide study by Ryan et al. (28%) but is higher than in other recent reports (10-15%). 3, 5, 6 Inherited 22q11.2 deletions were mainly of maternal origin in our series, as is also found in the literature. 3 Nevertheless, 18.5% of the inherited deletions were of paternal origin in the series as a whole (the fetuses reported in Besseau-Ayasse et al. 10 and the cases in the present report); this justifies systematic screening for 22q11.2DS in both parents. Furthermore, a previous study 43 of reproductive fitness found that adults with 22q11.2DS had significantly fewer children than healthy controls: respectively 22.5 and 5.7% of the affected women and men had children. Even though the proportion of affected women with children did not appear to depend on the presence of mental disabilities and schizophrenia, the situation was quite different for affected men: 14.8% of the men with mental disabilities and schizophrenia had children, compared with 41.1% of the men without these conditions. 43 As also suggested by our present data, it seems that (1) mental retardation and cognitive problems in adulthood are more severe in males than in females 44 and (2) poor social integration and/or reduced spermatogenesis might occur in males with 22q11.2DS. Even though our data suggest that the frequency of ID or DD is more frequent in male adults than in female adults (44.4 vs 23.4%, P = 0.02), this result may have resulted from bias in our study and therefore needs to be studied with greater accuracy. Studies of the intellectual profile by gender have yielded contrasting results; however, some recent literature data show that the mean full-scale IQ was higher in females than in males. 45, 46 This discrepancy could be because of (1) a higher incidence of psychiatric disorders for males (although the relationship between psychiatric disorders and IQ is still subject to debate), (2) a negative age-IQ effect in boys and (3) more normal frontal lobe volumes (which might be related to performance in psychological tests) in girls, as previously suggested. 46 The exact incidence of 22q11.2DS has not been assessed but is thought to be between 5.6 and 14.1 per 100 000 live births. 1,2 In a previous study of the same French population, prenatal testing enabled the diagnosis of an average of 36 fetuses per year between 2010 and 2012; however, the parents' right to request an abortion will have decreased the number of neonates actually born with 22q11.2DS. 10 The present data were not exhaustive because some French cytogenetic laboratories did not participate in the study. Nevertheless, our results show that on average, 72 postnatal diagnoses were made each year. Given the number of live births in France (an average of 795 000 per year between 2010 and 2012) 47 we estimate that there are at least 9 cases of 22q11.2DS per 100 000 live births and thus at least 100 new cases per year in France Even though the frequency of 22q11.2DS is 20 times lower than that of Down's syndrome, this deletion is nevertheless the second most frequently diagnosed chromosomal aberration responsible for ID/malformations (mainly diagnosed during the postnatal period). We suggest that data on the incidence of 22q11. 2DS should be collected systematically (as is already the case in France for trisomy 21).
CONCLUSION
This study highlights the phenotypic variability in 22q11.2DS; the phenotype ranged from multiple congenital anomalies with a CHD (enabling early diagnosis) to a near lack of symptoms (in adults). The most frequent reason for referral for genetic testing for 22q11.2DS in postnatally diagnosed patients was a CHD (mainly septal defects), although this parameter varied strongly with age at diagnosis. Some cases of 22q11.2DS are now fortuitously diagnosed using aCGH.
The atypical phenotypes diagnosed using aCGH or as part of family screening (prompted by diagnosis in a child) showed that the incidence of 22q11.2DS is probably underestimated; the clinical criteria may thus need to be reevaluated. Some of the phenotypic variability may be explained by aCGH, analysis of mutations in the contralateral allele and whole-exome sequencing. Understanding this variability should improve genetic counseling. We estimate that 22.8% of cases are inherited (mainly from the mother); this requires systematic screening of family members. In adulthood, the phenotype differs when comparing females and males (with an increased incidence of ID/DD in the latter).
